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Abstract Rising sea surface temperatures in the North
Sea have had consequential eﬀects on not only indige-
nous plankton species, but also on the possibility of
successful colonisation of the area by invasive plankton
species. Previous studies have noted the introduction
and integration into the plankton community of various
phytoplankton species, but establishment of zooplank-
ton organisms in the North Sea is less well-documented.
Examining continuous plankton recorder (CPR) survey
data and zooplankton results from the Helgoland Roads
study, the autumn of 1999 witnessed the occurrence of
the marine cladoceran Penilia avirostris in large numbers
in the North Sea. The rapid appearance of the species
corresponded with exceptionally warm sea surface tem-
peratures (SSTs). Since 1999, the species has become a
regular feature of the autumnal zooplankton community
of the North Sea. In 2002 and 2003, the species occurred
in greater abundance than recorded before. It is sug-
gested that increased autumn SSTs have proved
favourable to P. avirostris, with warmer conditions
contributing to the success of the species’ resting eggs
and aiding colonisation.
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Introduction
Sea surface temperatures in the North Sea over the last
decade have been increasing, with six out of the seven
warmest years over the last 30 years occurring in the
1990s (ICES 2000). Biological responses in the plank-
ton community to this have been noted by Beaugrand
et al. (2002), with calanoid copepod assemblages hav-
ing shifted northwards by 10 and conversely, organ-
isms favouring more boreal conditions have declined
(Beaugrand and Reid 2003). In addition, the phyto-
plankton community structure has altered, with an
increasing dominance of ﬂagellates and dinoﬂagellates
(Edwards et al. 2001b). These results point to a major
re-structuring of the planktonic ecosystem in the North
Sea, closely linked with the global warming phenome-
non. The increase in sea surface temperatures (SSTs)
have, in addition to aﬀecting native species, had an
inﬂuence on the success of invasive planktonic organ-
isms. A number of warm-temperate water non-native
phytoplankton species have become established in the
North Sea (Nehring 1998). Here we discuss the
increasing incidence and range expansion of a zoo-
plankter, the cladoceran Penilia avirostris. This species
(Fig. 1) is a cosmopolitan tropical/subtropical cladoc-
eran that is found in the productive neritic zone of all
tropical oceans (Marazzo and Valentin 2003), and its
distribution extends north and south into warm tem-
perate waters (Rose et al. 2004). The species occurs
extensively in the Mediterranean and Black Sea and
although mainly found in coastal seas, P. avirostris is
described as a eurythermal neritic species which can
survive oceanic conditions (Tokioka 1979). The distri-
bution of P. avirostris is mostly restricted to waters
above 18C but can range between 12C and 30C
(Kim and Onbe 1995), with optimum conditions for
establishing large populations around 25C. In coastal
regions of the Mediterranean P. avirostris forms vast
swarms of parthenogenetic females which appear in the
summer and persist into the autumn. This habit of
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parthenogenesis (without pedogenesis, which makes
Penilia more similar to freshwater cladocera than
marine cladocera; Egloﬀ et al. 1997) would explain the
sporadic and rapid expansion of the species into new
areas under favourable conditions, for example the
Caspian Sea, where the species entered via the Volga-
Don canal in 1954 (Aladin and Plotnikov 2003). All
Cladocera can reproduce parthogenetically under
favourable conditions, and produce a resting egg in the
female after sexual reproduction (Gieskes 1971), which
sinks into the bottom sediment (Marazzo and Valentin
2003). The production of robust resting eggs (which in
the cladoceran species Cercopagis pengoi, are known to
pass undamaged through the digestive tract of herring;
Antsulevich and Valipakka 2000), which require bot-
tom water temperatures of approx. 10C to initiate the
development (Colton 1985), has undoubtedly assisted
rapid range expansion, possibly by survival during
ballast water transport. Penilia avirostris also diﬀers
from other marine cladocera in that it consumes
nanoplankton, such as bacterivorous ﬂagellates, rang-
ing in size from 2.5 lm to 100 lm (Katechakis et al.
2004), and thus occupies a diﬀerent niche (Aertebjerg
et al. 2003).
Methods
The Continuous Plankton Recorder (CPR) survey has
extensive spatio-temporal coverage of the North Sea
(51N–60N, 2W–12E), spanning over 40 years and
over 36,000 samples. The CPR survey provides a unique
long-term dataset of plankton abundance in the North
Atlantic and North Sea, using ‘ships of opportunity’ on
regular routes to tow the CPR at about 10 m depth.
Each sample represents 18 km of tow and approxi-
mately 3 m3 of ﬁltered seawater (John et al. 2002), with a
mesh size of 270 lm. Sampling from the Helgoland
Roads study area (approximately 54N 7E) was con-
ducted using a ring trawl device on an oblique haul, with
a mesh size of 500lm, with the plankton samples pre-
served in formalin (Greve et al. 2004).
Results
The earliest record for P. avirostris in the North Sea was
in 1947, found by Ministry of Agriculture Fisheries and
Food ﬁshery vessels (Cattley and Harding 1949), this
was followed by nearly a 50 year absence until October
1990, when the species was recorded in the Helgoland
Roads area (Table 1). Penilia avirostris is typically re-
corded in the CPR survey in waters south of the Bay of
Fig. 1 Photograph of Penilia avirostris (Photo: Frank Reiners,
BSH)
Table 1 Monthly mean abundance of Penilia avirostris at Helgoland Roads (5411¢18¢¢N 754 E)
1990 1993 1994 1998 1999 2001 2002 2003 2004
January 0 0 0 0 0 0 0 0 0
February 0 0 0 0 0 0 0 0 0
March 0 0 0 0 0 0 0 0 0
April 0 0 0 0 0 0 0 0 0
May 0 0 0 0 0 0 0 0 0
June 0 0 0 0 0 0 0 0 0
July 0 0 0 0 0 0 0 0 1.15
August 0 0 0 0 0 0 0 0.33 3176.4
September 0 0 0 0 9.15 1.25 0.36 1.00 83.67
October 0.60 0.31 2.55 0.80 272.00 55.60 6.50 22.75 16.17
November 0 0 0.26 0 20.58 9.60 0.75 0.40 2.76
December 0 0 0 0 0 2.67 0.18 0 0
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Biscay, in the late autumn months, with a large
abundance found in Spanish and Portuguese coastal
waters. Previous to the 1990s appearances, the species
was found further north in the southern region of the
Celtic Sea in 1983. During the 1990s P. avirostris has
occurred on a few occasions in the North Sea; during
September and October in 1994, 1995, and 1997, but
then in much greater abundance post-1999. Figure 2
shows the CPR samples in the North Sea that P. avi-
rostris have been recorded on, from 1960 to 2003. It is
apparent from Fig. 2 that the species has been more
frequently recorded in 2002–2003 than in previous years.
Discussion
The question of how P. avirostris appeared initially in
the North Sea is debatable. Hydroclimatic changes
during the 1990s have undoubtedly assisted in the rapid
expansion of P. avirostris, particularly raised SSTs in the
North Sea (Becker and Pauly 1996). The well docu-
mented rise in SST and the increased incursion of oce-
anic water has led to large scale changes in the plankton
community of the North Sea. It is interesting to note
that P. avirostris was found in the southern North Sea in
1990 (Helgoland Roads time-series), the same time as an
exceptionally large pulse of warm high salinity water
entered the North Sea (Lindley et al. 1990; Edwards
et al. 1999). Another large pulse of warm high salinity
water also entered the North Sea during 1997/1998. This
event signalled the arrival of warmer, more saline waters
from further south in the Atlantic with salinity values
approaching the highest ever observed this century and a
high sea-surface temperature anomaly. The species is
known to require speciﬁc temperatures to proliferate
and the autumnal months of 1999, 2002 and 2003 have
been exceptionally warm, allowing rapid expansion of P.
avirostris . Sea surface temperatures in September 1999
were 2–4C above the long-term mean (ICES 2000) and
bottom temperatures exceeded 19C. Other studies re-
corded P. avirostris in large numbers in 1998 and 1999,
in the Helgoland Roads area (over 1,000 individuals m3
in October 1999), and in Norwegian waters (Ba˚mstedt
et al. 1998). In 2000 and 2001, when SSTs were lower,
abundance also fell, and it was recorded infrequently in
the North Sea (absent from the Helgoland Roads area in
2000, Table 1) in the CPR survey and other surveys
(Aertebjerg et al. 2003). Data from the CPR survey for
2002 indicate that P. avirostris had appeared further
north, west of the Orkney Isles, and in greater abun-
dance than previously recorded, in conjunction with an
increase in sea surface temperatures (over 3C, Bunde-
samt fu¨r Seeschiﬀfahrt und Hydrographie, Germany)
during autumn months. Work by Aertebjerg et al. (2003)
also noted an increase in P. avirostris in 2002, in the
Kattegat, where the species was the dominant meso-
zooplankter in the autumn months. Other cladocerans
recorded in the CPR survey, Podon spp. and Evadne
spp., have not responded as P. avirostris, with both
Fig. 2 Map of Penilia avirostris distribution from the CPR survey,
marked with years
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genera remaining highly variable throughout the last
40 years (data not shown).
The above results could suggest that P. avirostris has
shifted northwards in its distribution in response to in-
creased SSTs. The appearance of P. avirostris in the
1990s appears to have heralded the successful colonisa-
tion of the North Sea by the species, with a peak in
abundance in 1999 and subsequently in 2003 (with a
further increase in abundance in 2004 in the Helgoland
Roads survey, Table 1), whereas previous occurrences
do not appear to have established a viable population.
The data for 2003 suggests an ongoing expansion of the
species’ distribution, with an appearance further north
than previously recorded. The continued success of
P. avirostris is likely due to the high temperatures of the
North Sea during recent years, particularly autumnal
SST.
Anthropogenic introduction is also a possible vector
of the species, although determining whether the species
was anthropogenically introduced via ballast water
transport, or has shifted northwards as a response to
changes in SST, would be diﬃcult. Genetic studies of
molecular markers are able to localize the point of origin
of an invading species and genetic analysis of cladoceran
lineages have been carried out (Herbert and Cristescu
2002), the results of which show that the pace of modern
‘invasions’ are nearly 50,000 times higher than historical
levels. The North Sea has some of the busiest shipping
lanes in the world—in 1996 alone approximately 270,000
ships entered the North Sea and English Channel area
(QSR 2000). This volume of traﬃc, much of it interna-
tional in origin or destination, has increased the poten-
tial for transport of non-indigenous marine organisms in
ballast water. Successful invasions by non-indigenous
phytoplankton species include Odontella sinensis (1908)
and Coscinodiscus wailesii (1977) into the North Sea
(Nehring 1998; Edwards et al. 2001a), both of which
have established themselves successfully into the phy-
toplankton community and are recorded regularly in the
CPR survey. The introduction of zooplankton into the
North Sea by ballast water is not so apparent, although
work by Gollasch et al. (2000) has shown that not only
can certain zooplanktonic organisms survive transport,
but actually ﬂourish in ballast water. Accidental zoo-
plankton introductions have occurred in the Baltic,
approximately 100 non-indigenous species have been
recorded, although less than 70 species have established
reproducing populations (Leppakoski et al. 2002), the
most likely vector for invasion has been ballast water (in
conjunction with tank sediment), with 38 of the species
from transoceanic origin (half of which survived trans-
port across the Atlantic). It is fortuitous that P. aviros-
tris does not appear to be detrimental to the plankton
ecosystem, particularly populations of other cladocera
(by occupying another ecological niche by feeding on
nanoplankton), and may even provide a food source for
higher trophic levels, such as Cercopagis pengoi and
Bosmina coregoni in the Baltic, which are the main prey
of herring and other planktivorous ﬁsh species during
the latter part of the year (Antsulevich and Valipakka
2000).
The presence of P. avirostris in increasing numbers
and wider distribution in the North Sea points towards a
signiﬁcant change in the aquatic ecosystem, and is a
clear response to changes by a species that can exploit
ideal conditions very rapidly. Results for 2003 have
suggested the pattern of advance is continuing, with
unprecedented numbers of the species being recorded in
the southern North Sea. The noted shift in the phyto-
plankton community (Edwards et al. 2001b) towards a
dominance of dinoﬂagellates and naked ﬂagellates could
be an additional beneﬁt to the species, with its main food
source being nanoplankton such as ﬂagellates. How the
species arrived initially in the North Sea is open to de-
bate, with a northwards shift in response to increased
SSTs and anthropogenic introduction via ballast water
both possible. Irrespective of this, the continuing in-
crease in SSTs will see the further spread and increase in
abundance of the species, deﬁning the species as indic-
ative of climate change.
Acknowledgements The CPR survey is supported by a funding
consortium comprising agencies from Canada, France, Ireland,
Netherlands, Portugal, UK and USA. The survey depends on the
voluntary co-operation of owners, masters and crews of merchant
vessels, which tow the CPRs on regular routes. We also wish to
thank the CPR survey team past and present. The Helgoland
Roads time-series zooplankton is a conjoint product of the Senc-
kenberg Research Institute, the Federal Maritime and Hydro-
graphic Agency (BSH) and the Biologische Anstalt Helgoland.
References
Aertebjerg G, Andersen JH, Hansen OS (eds) (2003) Nutrients and
eutrophication in Danish marine waters. A challenge for science
and management. National Environmental Research Institute,
Denmark
Aladin NV, Plotnikov IS (2003) Anthropogenic changes of the
Caspian Sea ecosystem. In: Proceedings of the environmental
future of aquatic ecosystems, 5th international conference on
environmental future held at ETH Zurich, Zurich, Switzerland
Antsulevich A, Valipakka P (2000) Cercopagis pengoi—new
important food object of the Baltic herring in the Gulf of
Finland. Int Rev Hydrobiol 85:609–619
Ba˚mstedt U, Helge Fossa˚ J, Martinussen MB, Fosshagen A (1998)
Mass occurrence of the physonect siphonophore Apolemia
uvaria (Lesueur) in Norwegian waters. Sarsia 83:79–85
Beaugrand G, Reid PC (2003) Long-term changes in phytoplank-
ton, zooplankton and salmon related to climate. Glob Change
Biol 9:801–817
Beaugrand G, Reid PC, Ibanez F, Lindley JA, Edwards M (2002)
Reorganization of North Atlantic marine copepod biodiversity
and climate. Science 296:1692–1694
Becker GA, Pauly M (1996) Sea surface temperature changes in the
North Sea and their causes source: ICES. J Mar Sci 53:887–898
Cattley JG, Harding JP (1949) Penilia, a cladoceran normally
found oﬀ tropical and sub-tropical coasts, recorded in the
North Sea. Nature 164:238–239
Colton JB (1985) Eastward extension of the distribution of the
marine cladoceran (Penilia avirostris) in the northwest Atlantic:
a case of ecesis? J Northwest Atl Fish 6:141–148
Edwards M, John AWG, Hunt HG, Lindley JA (1999) Exceptional
inﬂux of oceanic species into the North Sea late 1997. J Mar
Biol Ass UK 79:737–739
217
Edwards M, John AWG, Johns DG, Reid PC (2001a) Case history
and persistence of the non-indigenous diatom Coscinodiscus
wailesii in the north-east Atlantic. J Mar Biol Ass UK 81:207–
211
Edwards M, Reid PC, Planque B (2001b) Long-term and regional
variability of phytoplankton biomass in the Northeast Atlantic
(1960–1995). ICES J Mar Sci 58:39–49
Egloﬀ DA, Fofonoﬀ PW, Onbe´ T (1997) Reproductive biology of
marine cladocerans. In: Blaxter JHS, Southward AJ (eds) Ad-
vances in marine biology 31. Elsevier, London, pp 78–162
Gieskes WWC (1971) Ecology of the Cladocera of the North
Atlantic and the North Sea. Neth J Sea Res 5:342–376
Gollasch S, Lenz J, Dammer M, Andres HG (2000) Survival of
tropical ballast water organisms during a cruise from the Indian
Ocean to the North Sea. J Plankton Res 22:923–937
Greve W, Reiners F, Nast J, Hoﬀmann S (2004) Helgoland Roads
time series meso- and macrozooplankton 1974 to 2004: lessons
from 30 years of single spot high frequency sampling at the only
oﬀ-shore island of the North Sea. Helgoland Mar Res 58:274–
288
Herbert PDN, Cristescu MEA (2002) Genetic perspectives on
invasions: the case of the Cladocera. Can J Fish Aquat Sci
59:1229–1234
ICES (2000) The Annual ICES Ocean Climate Status Summary
1999/2000 (ed. Turrell, B.). 13pp. ICES, Denmark
John EH, Batten SD, Stevens DS, Walne AW, Jonas TJ, Hays GC
(2002). Continuous plankton records stand the test of time:
evaluation of ﬂow rates, clogging and the continuity of the CPR
time-series. J Plankton Res 24:941–946
Katechakis A, Stibor H, Sommer U, Hansen T (2004) Feeding
selectivities and food niche separation of Acartia clausi, Penilia
avirostris (Crustacea) and Doliolum denticulatum (Thaliacea) in
Blanes Bay (Catalan Sea, NW Mediterranean). J Plankton Res
26:589–603
Kim SW, Onbe´ T (1995) Distribution and zoogeography of the
marine cladoceran Penilia avirostris in the northwestern Paciﬁc.
Bull Plankton Soc Japan 42:19–28
Leppakoski E, Gollasch S, Gruszka P, Ojaveer H, Olenin S, Panov
V (2002) The Baltic—-a sea of invaders. Can J Fish Aquat Sci
59:1175–1188
Lindley JA, Roskell J, Warner AJ, Halliday NC, Hunt HG, John
AWG, Jonas TD (1990) Doliolids in the German Bight in 1989:
evidence for exceptional inﬂow into the North Sea. J Mar Biol
Ass UK 70:679–682
Marazzo A, Valentin JL (2003) Population dynamics of Penilia
avirostris (Dana, 1852) (Cladocera) in a tropical bay. Crus-
taceana 76:803–817
Nehring S (1998) Establishment of thermophilic phytoplankton
species in the North Sea: biological indicators of climate
change? ICES J Mar Sci 55:818–823
Quality Status Report (QSR) (2000) OSPAR Commission for the
Protection of the Marine Environment of the North East
Atlantic, Regional QSR II Greater North Sea. OSPAR Com-
mission, London
Rose K, Roﬀ J, Hopcroft RR (2004) Production of Penilia avi-
rostris in Kingston Harbour, Jamaica. J Plankton Res 26:605–
615
Tokioka T (1979) Neritic and oceanic plankton. In: van der Spoel
S,s Pierrot-Bults AC (eds) Zoogeography and diversity of
plankton. Bunge Science, Utrecht, pp 126–143
218
